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ABSTRACT: Memory is a temporally evolving molecular and
structural process, which involves changes from local synapses to
complex neural networks. There is increasing evidence for an involve-
ment of developmental pathways in regulating synaptic communication
in the adult nervous system. Notch signaling has been implicated in
memory formation in a variety of species. Nevertheless, the mechanism
of Notch underlying memory consolidation remains poorly understood.
In this commentary, besides offering an overview of the advances in the
ﬁeld of Notch in memory, we highlight some of the weaknesses of the
studies and attempt to cast light on the apparent discrepancies on the
role of Notch in memory. We believe that future studies, employing
high-throughput technologies and targeted Notch loss and gain of
function animal models, will reveal the mechanisms of Notch
dependent plasticity and resolve whether this signaling pathway is
implicated in the cognitive deﬁcit associated with dementia. VC 2015
Wiley Periodicals, Inc.
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INTRODUCTION
In the past decade, several studies have implicated developmental
pathways in the regulation of synaptic plasticity and memory processing.
Among these, the Notch pathway has gained increasing attention. Notch
is a transmembrane receptor with transcriptional and non-transcriptional
signaling potential. Notch functions as a modulator of synaptic trans-
mission and behavior in the adult brain. In this opinion article, we aim
to shed light on the role of Notch signaling in memory formation and
consolidation taking into consideration the existing studies in a variety
of animal models.
MECHANISMS GOVERNING MEMORY
Learning and memory are highly conserved neural
processes which are essential for the animal’s survival
and reproduction. During a life span, sensory experi-
ences can be stored in memory which can last for
minutes, hours or years depending on the temporal
resolution and dynamic molecular changes. Mechanis-
tically, sensitization of neuronal networks upon sen-
sory experience in behaving animals can produce
transient post-translational modiﬁcations of preexist-
ing proteins at the synapse which last from minutes
to hours (short-term or working memory). On the
other hand, enhanced sensory exposure, through a sin-
gle learning trial or repetitive drills, causes de novo
protein synthesis leading to synaptic strengthening
which can last for years (long-term memory). In the
time window of 30 minutes to 24 h following learn-
ing, the establishment of memory traces is thought to
happen in two phases involving 1) local molecular
and structural changes at single synapses, through
Hebbian plasticity (cellular correlates are long-term
potentiation (LTP) and long-term depression (LTD))
and 2) strengthening of synaptic connections in the
memory ensemble in a process called synaptic scaling.
How this phase transition occurs is still poorly under-
stood but it appears to require sleep (Frank, 2012). In
the ﬁrst phase of synaptic potentiation, the “molecular
pool of memories” is acquired through gene transcrip-
tion (Alberini, 2009) and RNA translation (Gal-Ben-
Ari et al., 2012). Later, epigenetic modiﬁcations such
as RNA interference (Saab and Mansuy, 2014) and
ubiquitin proteasomal system (UPS) degradation (Fus-
ti~nana et al., 2014) weigh out the optimal molecular
balance for the establishment of the memory reservoir.
Altogether, these molecular alterations contribute to
synaptic remodeling of neuronal connections within
the memory engram (Caroni et al., 2012) (Fig. 1). In
this context, cellular communication cascades, which
act beyond neurotransmitter release, can strengthen
the synaptic network through intracellular mediators
and gene targets. Among these, neurodevelopmental
signaling pathways such as Reelin (Herz and Chen,
2006), Wnt (Oliva et al., 2013) and Notch (Alberi
et al., 2013) transduce signals which are instrumental
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for memory. How these pathways are modulated and contrib-
ute to the evolution of memory is a subject of intense study.
NOTCH IN THE ADULT BRAIN
In the mammalian brain, Notch1 and Jagged1 appear to be
the relevant receptor and ligand respectively (Alberi et al.,
2011; Sargin et al., 2013). Notch2 is also expressed in neurons
but levels are considerably lower as compared to Notch1 in
physiological conditions (Ferrari Toninelli et al., 2003). Notch1
is a transmembrane receptor, which acquires nuclear signaling
potential after ligand-induced sequential cleavages (Berezovska
et al., 1998). The intracellular portion of the Notch1 receptor
(NICD1) translocates to the nucleus and binds to the tran-
scription factor, RBPJK, to induce transcription of downstream
targets (canonical signaling) (Fig. 2). At present, the number of
conﬁrmed targets in neurons is limited to the Hes genes
(Stump et al., 2002) but it is expected to expand in the near
future, using genome-wide technology as previously shown in
immune cells and neuronal progenitors (Wang et al., 2011; Li
et al., 2012; Trimarchi et al., 2014). Moreover, Notch1 can act
in a non-transcriptional (non-canonical) fashion through the
interaction with kinases (PKC and Abl) (Giniger, 1998; Song
and Giniger, 2011; Zhang et al., 2013) or adhesion molecules
(Klingon)(Matsuno et al., 2009) to mediate neural plasticity
changes (Fig. 2).
Notch pathway components are expressed in sensory net-
works from worms to humans (Berezovska et al., 1998; Bere-
zovska et al., 1999; Ge et al., 2004; Presente et al., 2004;
Chao et al., 2005). Intriguingly, in aging (Placanica et al.,
2009) and Alzheimer’s disease (AD) (Berezovska et al., 1998;
Steiner et al., 2008), conditions in which Notch1 alteration
have been reported, sensory functions are affected early on.
This suggests a possible role of this signaling pathway in the
neural transmission deﬁcits. Indeed, the ligand and the Notch
receptor appear juxtaposed in complementary neuronal compart-
ments in worms (Singh et al., 2011), Drosophila (Lieber et al.,
2011) and rodents (Alberi et al., 2011; Brai et al., 2014) sup-
porting the recruitment of Notch signaling upon neuronal stim-
ulation (Alberi et al., 2011; Lieber et al., 2011). This directional
positioning of ligand and receptor also underlies the activity-
dependent processing of Notch through g-secretase (Alberi
et al., 2011). Therefore, familial mutations in human Presenilins
of the g-secretase complex (Steiner et al., 1999; Moehlmann
et al., 2002) and alteration in g-secretase trafﬁcking through loss
of Arc/Arg3.1 (Wu et al., 2011) can affect Notch processing
independently of ligand availability (Alberi et al., 2011). This
emphasizes the importance of g-secretase function as the limit-
ing step for Notch activation in neurons (De Strooper et al.,
1999) and favors the hypothesis that alterations in Presenilins, as
observed in familial AD, may also affect Notch signaling con-
tributing to the pathophysiology of the disease.
In addition to the activity-dependent Notch processing,
there is increasing evidence for Notch1 signaling changes in
different phases of memory processing. In the memory forma-
tion phase, following spatial learning, Notch 1 expression and
activation is rapidly induced in hippocampal CA ﬁeld ensem-
bles and lasts for up to 8 h, coinciding with the phase of
FIGURE 1. Scheme depicting the progression and establish-
ment of long-term memory. Hippocampus dependent spatial mem-
ory is encoded in two steps. During spatial learning, the
exploratory theta oscillations in the hippocampal network are
associated with a concomitant place cell spiking activity. The place
cells are thought to play a crucial role in encoding spatial infor-
mation. At a cellular level, memory acquisition is known to
involve de novo protein synthesis, which is shown to be essential
for activity-dependent Hebbian plasticity events such as LTP at
individual synapses. Notch signaling has been shown to be essen-
tial for induction of LTP as well as spatial memory acquisition.
During subsequent sleep, synchronized high frequency ripples in
the hippocampal networks are associated with replay of the place
cell activity. Also, during sleep, synchronous activity between the
hippocampus and cortex has been thought to underlie information
transfer from the hippocampus to the cortex for long-term mem-
ory storage. The role of Notch pathway during these latter proc-
esses remains ambiguous. [Color ﬁgure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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memory consolidation (Alberi et al., 2011) (Fig. 2). The
induction of Notch1 protein in the consolidation phase of
memory has also been observed in the dentate gyrus of rats,
12 h following passive avoidance training. Nevertheless, the
increase in Notch1 receptor was interpreted as a readout of
protein accumulation since Notch signaling appeared to be
repressed based on the downregulation of Hes1 transcription
(Conboy et al., 2007). The analysis of Hes1 targets is unfortu-
nately restricted to the 12 h time point, leaving the reader
wondering whether, at this time, the expression of Hes1 results
form a trough in Hes1 oscillations (Kageyama et al., 2008) or
whether canonical signaling is shunted. Yet, the authors do not
investigate this possibility and suggest that, downregulation of
Notch signaling, concomitant to the upregulation of Wnt signal-
ing, promotes the integration of newly formed synapses in the
memory circuit (Conboy et al., 2007). However, in light of
more recent work, the accumulation of Notch1 hints to a reduc-
tion in Itch and Numb-mediated degradation of Notch (McGill
et al., 2009) and increased Numb isoform-dependent protein
recycling (Kyriazis et al., 2008). Interestingly, ubiquitin-mediated
proteolysis (Fioravante and Byrne, 2011) and receptor endocyto-
sis (Shepherd et al., 2006), occurring during the memory consol-
idation period, appear to be essential mechanisms for synaptic
scaling. Thus, at this stage, Numb, which also actively contrib-
utes to spine remodeling (Nishimura et al., 2006), may be a
strong candidate in sorting Notch1 at strengthened synapses
(Fig. 2). In this setting, Notch1 and Jagged1 transcripts down-
regulation, and degradation of NICD1 (Conboy et al., 2007)
would be adopted to prevent potentially toxic nuclear signaling
(Arumugam et al., 2006; Alberi et al., 2010). Whether, in this
or later phases, a similar regulation of Notch activity takes place
in the CA ﬁelds, encoding for spatial memory, remains to be
explored. Interestingly, we observed that, after a 5 days T-maze
training paradigm, Notch1 transcript and protein are signiﬁ-
cantly reduced in the hippocampus whereas expression of
Notch1 is considerably augmented in the somatosensory cortex
(unpublished data Alberi L.). It has been previously shown that
in the memory reconsolidation phase, after repetitive training,
there is a disproportion in genes downregulation as opposed to
the memory acquisition phase (Miyashita et al., 2008). It is
likely that, in rounds of memory recall, RNA/protein destabiliza-
tion and stabilization events by weakening Notch signaling
requirement in the hippocampus (Costa et al., 2003; Alberi
et al., 2011) sharpen the memory trace.
Another recent report using cued fear learning has shown
that Notch1 transcript expression is actively downregulated in
the amygdala by miRNA34a interference after cued learning (2
and 6 h) (Dias et al., 2014). Although the authors do not con-
ﬁrm a reduction in Notch1 receptor, they assume that
decreased transcript indicates less protein and signaling. Still,
granting that cued learning causes a decrease in Notch signal-
ing, this report is in net contrast with our studies showing that
spatial learning induces Notch signaling in a comparable time
window (1.5–8 h) (Alberi et al., 2011). It remains possible that
contextual and cued learning engage different molecular mech-
anisms, yet it is essential to remember that in contrast to the
CA ﬁeld, less than 20% of the lateral amygdala neurons are
recruited in memory encoding after cued learning (Han et al.,
FIGURE 2. Known and potential mechanisms of Notch in
memory encoding. Notch1 (black transmembrane protein) and
Jagged1 (red transmembrane protein) are expressed at the synapse
and their expression is regulated by synaptic activity. In naive
mice (blue bar), Notch1 and Jagged1 are kept at relatively low lev-
els. Increased correlated neuronal activity following single trial
learning (yellow bar), augments Notch1 expression, processing
(scissors), activation (NICD1) and transcriptional signaling
through RBPJK and non-transcriptional signaling through PKC
or Klingon from the period of memory formation (green light
bar) extending to the time of memory consolidation (green dark
bar). In this setting, Notch1 has been shown to contribute to syn-
aptic potentiation (light green postsynaptic membrane). In later
phases of memory consolidation, Notch signaling may enter an
oscillatory phase through the Hes genes. Notch1 protein may be
still tagged at the synaptic membrane (green membrane) and
undergo either recycling (Numb) or endocytosis-mediated degrada-
tion (Numb/Itch). On the presynaptic side (red membrane),
RBPJK signaling regulates expression of the GABA transporter
GAT2 and BGT1. This event likely happens under regulation of
NICD2. [Color ﬁgure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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2007) and 10% of the neurons in the amygdala express the
immediate gene Arc following fear conditioning (Young and
Williams, 2013).Therefore, in regions of sparse coding, the vis-
ualization/quantitation of Notch expression and signaling in
activated neurons, i.e. through the use of destabilized Notch
reporter constructs (Marathe and Alberi, 2014), is essential to
avoid confounding effects from the most abundant silent neu-
ronal population. Based on this, it cannot be excluded that in
the study of Dias the changes observed are a readout of this
inactive counterpart.
On the whole, it appears that over time Notch1 is differentially
regulated after learning. Understanding the temporal
dynamicsoˆ of Notch1 transcript modulation, Notch1 protein
translation, ubiquitination and trafﬁcking will cast light on the
regulation and role of Notch signaling in the maturation of
memories.
NOTCH SIGNALING IN MEMORY AND ANIMAL
BEHAVIOR
Several works have indicated a signiﬁcant involvement of
Notch in animal behavior (Table 1). From all these studies, it
emerges that Notch has an instrumental function in mediating
neural responses and memory processing. However, how Notch
canonical signaling contributes to Notch1 function in neurons
remains a matter of debate. Early work has indicated that
RBPJK 1/2 mice display a milder but signiﬁcant spatial
memory acquisition defect as compared to Notch1 1/2
(Costa et al., 2005). A more recent study, in Drosophila, attrib-
utes to the homolog of RBPJK, Su(H), the same properties as
Notch in long-term memory (Song et al., 2009). In contrast, a
subsequent work in mice has indicated that the loss of RBPJK
in mature excitatory networks does not recapitulate the effect
of Notch1 loss of function in spatial memory (Sato et al.,
2012). One of the latest studies investigating the role of
RBPJK in synaptic plasticity has found that another
RBPJKcKO mouse model displays a short- as well as a long-
term spatial memory impairment comparable to the
Notch1cKO suggesting that canonical signaling takes place in
both memory formation and consolidation (Fig. 2). Neverthe-
less, in contrast to the Notch1cKOs, the plasticity deﬁcits, in
the RBPJKcKOs, derive from increased postsynaptic inhibition
through interference with GABA uptake transporters at the
presynaptic terminal (Liu et al., in press). This work is intrigu-
ing and proposes a unique presynaptic role for RBPJK most
probably through Notch2. Despite the redundancy in canonical
signaling modality of Notch1 and Notch2 (Ong et al., 2006)
and their cooperative function in limb development (Pan et al.,
2005), there is increasing evidence that the two heterologous
receptors can activate distinct target genes (Fan et al., 2004).
TABLE 1.
Studies reporting a direct involvement of Notch signaling in animal behavior.
Animal
model Gene
Neuron type
or brain region Expression Behavior Reference
C. elegans Lin12 Head interneurons " Reversal behavior (Chao et al., 2005)
C. elegans Lin12 Head interneurons " Octanol avoidance and increased
arousal/quiescence
(Singh et al., 2011)
C. elegans GLP-1 Head ciliated sensory neurons " Increased arousal/quiescence (Singh et al., 2011)
Drosophila Notch Mushroom bodies " Long-term memory (Ge et al., 2004;
Presente et al., 2004)
Drosophila Notch Whole brain " Long-term memory (Zhang et al., 2013)
Drosophila Notch Mushroom bodies " Sleep/learning (Seugnet et al., 2011)
Drosophila Su(H) Mushroom bodies " Long-term memory (Song et al., 2009)
Mouse Notch1 Hippocampus " Learning/memory formation (Costa et al., 2003;
Alberi et al., 2011)
Rat Notch1 Dentate gyrus " Learning/memory formation (Conboy et al., 2007)
Rat Notch1 Dentate gyrus # Memory recall (Conboy et al., 2007)
Mouse Notch1 Amygdala # Cued fear learning (Dias et al., 2014)
Mouse Jagged1 Hippocampus " Learning/memory formation (Sargin et al., 2013)
Mouse Mind bomb1
(Notch activation)
Hippocampus " Long-term memory (Yoon et al., 2012)
Mouse NICD1 Visual cortex " Reduced visual acuity (Dahlhaus et al., 2008)
Mouse Notch1 Olfactory bulb " Olfaction (Brai et al., 2014)
Lin-12: Notch homolog receptor (C. elegans); GLP1: Notch homolog receptor (C. elegans); Su(H): RBPJK homolog (Drosophila); NICD1: Notch1 intracellular
domain.
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Divergent Notch1 and Notch2 exert distinct functions in kid-
ney development (Cheng et al., 2007) and display opposite
effects on tumor growth (Fan et al., 2004; Parr et al., 2004).
Therefore, it is conceivable that, in addition to the postsynaptic
role of Notch1, presynaptic Notch2, by facilitating inhibition,
contributes to quantal synaptic scaling (Erickson et al., 2006).
Moreover, since Notch2 levels in neurons are subthreshold, at
basal level, it would be interesting to know whether with
increased synaptic transmission through Notch1, Notch2 levels
rise to drive canonical signaling presynaptically.
Despite this last notable advancement, our understanding of
canonical Notch signaling in the adult brain remains far from
complete. A recent work has shown that overexpression of the
canonical Notch target Hes1 before training, impairs memory
retrieval in a cued fear conditioning test (Dias et al., 2014).
Even if in the amygdala canonical signaling interferes with
memory consolidation, it is surprising that in the paper of
Sato or Liu, no increase in contextual or cued fear memory
(Sato et al., 2012; Liu et al., in press) was observed. In addi-
tion, overexpression of Hes1 represents an additional caveat.
In fact, sustained Hes1 activity has been shown to inhibit
Notch signaling by abolishing Hes1’s oscillatory activity,
which is instrumental for proliferation and neuronal stem cell
maintenance (Kageyama et al., 2008). If Hes1 oscillatory
activity occurs also in neurons, overexpression of Hes1 may
hamper the orchestration of signaling molecules leading to a
dominant negative effect on memory retrieval. This interference
should also be taken into consideration when interpreting the
effect of sustained in vivo Notch1 activation, which leads to
persistent Hes1 overexpression with concomitant amnesia (Con-
boy et al., 2007). Indeed, a work using targeted mild overex-
pression of NICD1 in cortical pyramidal neurons has shown a
signiﬁcant reduction in mature dendritic spines, a dramatic
shrinkage of the cell bodies and a concomitant deﬁcit in corti-
cal synaptic plasticity (Dahlhaus et al., 2008). In the worst
case scenario, Notch1 overexpression in neurons can induce
cell death (Arumugam et al., 2011). Thus, based on the cur-
rent knowledge, the use of gain of function strategies for
Notch activity pose a serious challenge for interpretation.
That said, since Notch has transcriptional and non-
transcriptional signaling activity, it is possible that these signal-
ing modalities are differentially recruited in the acquisition and
retrieval phase, and that downregulation of Notch canonical
signaling is required at a speciﬁc stage of memory consolidation.
In support of the hypothesis of bimodal signaling in different
phases of memory, it has been previously shown that CREB can
display its functions in memory formation and consolidation
through activation of early immediate genes, such as c-fos, and
late response genes, such as C/EBP, respectively (Alberini, 2009).
Interestingly, the transcriptional coactivator of CREB, CREB
binding protein (CBP), was identiﬁed by in silico analysis as a
canonical target of Notch (Saura et al., 2004), establishing for the
ﬁrst time a connection between Notch and CREB signaling. A
more recent work in Drosophila, has indicated a further non-
canonical interaction between Notch and CREB activity in
long-term memory (Zhang et al., 2013). Previously, another non-
canonical interaction functional in memory formation was identi-
ﬁed between Notch and the adhesion molecule Klingon (Mat-
suno et al., 2009) supporting the idea that non-canonical
mechanisms are essential for neuronal connectivity (Giniger,
2012). Despite these reports in Drosophila, it remains largely
unresolved whether and which canonical or non-canonical mecha-
nisms of Notch contribute to different aspects of memory in
mammals. Further studies dissecting these canonical versus non-
canonical mechanisms will help reconcile the present discrepan-
cies on the differential recruitment of Notch in memory.
HYPOTHESIS OF CIRCADIAN NOTCH1 IN
MEMORY
Sleep has been shown to be essential for memory consolida-
tion after learning. It is known that during sleep, place cell
activity is replayed in the same temporal sequence as during
the spatial learning session undergone before sleep (O’Neill
et al., 2010). Notch is induced in place cells upon learning,
where it is thought to contribute to synaptic potentiation
(Wang et al., 2004; Alberi et al., 2011). It is possible that
waves of Notch activity during sleep through potentiation and
depotentiation processes may stabilize the memory engram and
contribute to the information transfer to cortical structures.
Indeed, it is thought that sleep allows the conversion from
Hebbian plasticity at local synapses to a more global synaptic
scaling which contributes to network remodeling (Frank,
2012). The recent studies in C. elegans and Drosophila pointing
out a role of Notch in sleep/quiescence remain to be conﬁrmed
in mammals, but suggest that this pathway may also be
involved in the memory reorganization during quiescence
(Seugnet et al., 2011; Singh et al., 2011). Adding to the
requirement of Notch1 in memory, in C. elegans this signaling
pathway displays paradoxical effects in inducing quiescence.
Singh and colleagues carefully investigated this effect by study-
ing the gain and loss of function models for Notch activity in
interneurons and ciliated neurons. They observed that gain of
function of Notch induces quiescence, by increasing arousal
threshold. Whereas loss of function of Notch triggers a
rebound quiescence by decreasing the arousal threshold (Singh
et al., 2011). Therefore, it needs to be kept in mind that gain
and loss of function of Notch activity, most likely through
completely different mechanisms may, in the end, have a simi-
lar net effect on the animal behavior. On the other hand, in
the work of Seugnet, the effects of Notch on sleep are attrib-
uted to Notch signaling in glia rather than in neurons of the
Drosophila cortex (Seugnet et al., 2011). Whether glia-neuron
communication through Notch has an effect at the network
level to modulate sleep responses, remains to be established.
We expect that this question will be resolved through the use
of targeted conditional loss or gain of function models in ﬂies
and rodents. Nevertheless, the latter data raise the intriguing
possibility of bidirectional signaling at synapses (Ascano et al.,
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2003). Another evidence for a role of Notch signaling in circa-
dian oscillations comes from a study in Drosophila. The authors
showed that, upon olfactory learning, Notch activation in the
Mushroom Bodies induces an ultradian oscillation of CREB
hyperphosphorylation through PKC activity, which is essential
for long-term memory (Zhang et al., 2013). The non-canonical
interaction between PKC and Notch remains yet to be resolved
mechanistically, but it underlines how the crosstalk between
Notch and CREB may be instrumental to the role of Notch in
memory. Indeed, it appears that CREB phoshophorylation
through c-AMP and MAPK activation during REM sleep in
mice is essential for memory consolidation after learning (Luo
et al., 2013). The positive interaction between Notch and sleep
therefore merits further investigation. For example, it will be of
interest to know whether this interaction still takes place without
prior induction of Notch during wakeful learning.
In neural development, Notch is viewed as a clock gene due
to its self-perpetrating activity through the oscillatory expres-
sion of the Hes genes which trigger autoinhibitory loops essen-
tial in cell fate speciﬁcation and somitogenesis (Leimeister
et al., 2000; Takahashi, 2005). If Notch also behaves as a clock
gene in the adult brain, it is possible that it acts ﬁrst in Heb-
bian/non-canonical modality at local synapses contributing to
memory formation following learning. Whereas, later on in the
consolidation phase involving sleep, Notch canonical signaling
may function as a synaptic scaling pacemaker by inducing net-
work oscillations which entrain the memory network. In addi-
tion, non-canonical and canonical signaling may be temporally
deﬁned based on the possible competition of signaling modal-
ity as shown for Wnt signaling (Bryja et al., 2009; Gao and
Chen, 2010). Pulse chase experiments monitoring Notch
activity over the period of memory maturation are necessary to
ultimately address these scenarios.
Altogether, from the works presented we conclude that despite
there is no doubt about a signiﬁcant contribution of Notch sig-
naling in learning and memory, the underlying molecular mecha-
nisms remain largely unresolved. Future studies using genome-
wide analysis and proteomics approaches will help identify tran-
scriptional and non-transcriptional targets of Notch activity in
memory encoding. We believe that shedding light on these
mechanisms will help ﬁnally understand whether the Notch
pathway is critically involved in the memory impairment
observed in AD and whether it could be therapeutically targeted.
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